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We have investigated conformational changes of the purified maltose ATPbinding cassette transporter (MalFGK 2 ) upon binding of ATP. The transport complex is composed of a heterodimer of the hydrophobic subunits MalF and MalG constituting the translocation pore and of a homodimer of MalK, representing the ATPhydrolysing subunit. Substrate is delivered to the transporter in complex with periplasmic maltose binding protein (MalE). Crosslinking experiments with a variant containing an A85C mutation within the Qloop of each MalK monomer indicated an ATP-induced shortening of the distance between both monomers. Crosslinking caused a substantial inhibition of MalEmaltose stimulated ATPase activity. We further demonstrated that a mutation affecting the 'catalytic carboxylate' (E159Q) locks the MalK dimer in the closed state, while a transporter containing the 'ABC signature' mutation Q140K permanently resides in the resting state. Crosslinking experiments with variants containing the A85C mutation combined with cysteine substitutions in the conserved EAA motifs of MalF and MalG, respectively, revealed close proximity of these residues in the resting state. The formation of a MalK-MalG heterodimer remained unchanged upon addition of ATP, indicating that MalG-EAA moves along with MalK during dimer closure. In contrast, the yield of MalK-MalF dimers was substantially reduced. This might be taken as further evidence for asymmetric functions of both EAA motifs. Crosslinking also caused inhibition of ATPase activity, suggesting that transporter function requires conformational changes of both EAA motifs. Together, our data support ATP-driven MalK dimer closure and re-opening as crucial steps in the translocation cycle of the intact maltose transporter and are discussed with respect to a current model. ATP-binding cassette (ABC) transporters are involved in the uptake or export of an enormous variety of substances ranging from small ions to large polypeptides at the expense of ATP. They are found in all organisms from bacteria to man and dysfunction is often associated with disease in humans such as cystic fibrosis, adrenoleukodystrophy or Stargardt's macular dystrophy (1) . ABC transporters share a common architectural organization comprising two hydrophobic transmembrane domains (TMDs) that form the translocation pathway and two hydrophilic nucleotide binding (ABC) domains (NBDs) that hydrolyze ATP. In fact, in most prokaryote importers TMDs and NBDs are expressed as separate protein subunits, whereas in most export systems of both prokaryotes and eukaryotes, they are usually fused into a single polypeptide chain (2) The ABC domains are characterized by a set of Walker A and B motifs that are involved in nucleotide binding and by the unique 'LSGGQ' signature sequence (3) . The crystal structures of several mostly prokaryotic NBDs have been reported that largely agree on the overall fold (reviewed in refs. [4] [5] [6] . Accordingly, the cassette can be divided into a RecA-like subdomain encompassing both Walker motifs, and a specific α-helical subdomain comprising the LSGGQ motif. Both subdomains are joined by the Q-loop containing a conserved glutamine residue that binds to the Mg 2+ -ion and attacking water. Structural and biochemical evidence have further revealed that in the physiologically relevant NBD dimer the nucleotide binding site of one monomer is completed by the LSGGQ motif of the opposing monomer (7) (8) (9) (10) (11) (12) . Further progress in understanding the structural organization of ABC transporters was achieved with the high resolution structures of complete transporters (13) (14) (15) (16) . These structures have provided some insight into the interactions between the NBDs and the TMDs, although the means by which ATP-dependent conformational changes of the ABC domains are transmitted to the TMDs to affect substrate translocation are still poorly understood (5) .
The ABC-transporter mediating the uptake of maltose and maltodextrins in Escherichia coli / Salmonella typhimurium is one of the best characterized systems and thus serves as a model for studying the molecular mechanism by which ABC importers exert their functions (reviewed in refs. 6, 17) . The transporter is composed of an extracellular (periplasmic) receptor, the maltose binding protein (MBP or MalE), and a membrane-bound complex (MalFGK 2 ), comprising the pore-forming hydrophobic subunits, MalF and MalG, and two copies of the ABC subunit, MalK. Association of the MalK subunits with MalF and MalG requires the so-called 'EAA' sequence motifs (consensus EAAx 3 Gx 9 IxLP; x, any amino acid) that are conserved in the last cytoplasmic loop of TMDs of ABC import systems (18, 19) . MalK and closely related ABC subunits belonging to the CUT1 and MOI subfamilies of ABC importers (2, 20) contain a unique C-terminal extension which in the crystal structures of MalK (9) and CysA (21) contribute substantially to monomermonomer contacts. The MalK structures further revealed that binding of ATP causes the nucleotide binding domains to close (9) and that ATP hydrolysis is required for resetting the system to the resting state (22) . Closing of the MalK dimer in solution is consistent with crosslinking data obtained with the intact transporter in crude membrane vesicles (19) .
Genetic and biochemical evidence has given rise to the notion that ATP binding to the MalK dimer might be communicated via its Qloops to the EAA motifs of MalFG (18, 19) . In support of this view, the crystal structure of the vitamin B 12 transporter of E. coli (BtuCD) not only revealed close contact between the Q-loop of BtuD and the EAA (or L) loops of BtuC but also contacts of the Q-loop with atoms in the ATP binding site (13) . Furthermore, a molecular dynamics simulation suggests that conformational switching of the Q-loop may mediate communication between the TMDs and the catalytic sites (5) .
These and other data have led to a model according to which transport of maltose is initiated by interaction of liganded MalE (23) with the nucleotide-free MalFGK 2 complex at the extracellular (periplasmic) side, causing ATP-binding to the MalK subunits and subsequent closing of the MalK dimer. ATPdriven dimer formation is thought to represents one possibility for the power stroke of ABC transporters (8) . The monomer-dimer transition would be coupled to conformational changes in the transmembrane domains for which evidence has recently been presented (24) . Hydrolysis of one ATP molecule might result in simultaneous opening of the binding protein (25) and of a gate at the periplasmic side thereby giving the substrate molecule access to a translocation pathway through the membrane. Hydrolysis of the second ATP would bring the system back to the resting state. The concomitant separation of the NBDs is discussed as a second possibility for the power stroke of the system (8) .
In this communication we have investigated ATP-dependent conformational changes of the purified MalFGK 2 complex. By employing site-directed crosslinking we determined distance changes between Ala-85 in both Qloops of the MalK subunits upon addition of ATP (Fig. 1A) . The observed motional changes were used as 'molecular pointer' to characterize the conformational state of transport-defective and binding proteinindependent variants. The functional consequences of covalently linking the Qloops to each other or the EAA motifs of MalFG to the helical subdomain of MalK (Fig.  1A , B) were analyzed by monitoring MalE/maltose-stimulated ATPase activity of the complexes. Our results suggest that closing and re-opening of the MalK dimer and conformational changes of the EAA motifs are crucial features within the catalytic cycle of the intact transporter.
MATERIALS AND METHODS
Bacterial strains and plasmids -E. coli strain JM109 (Stratagene) was used as a general host for the plasmids listed in Table 1 . The plasmid-borne malK alleles originate from Salmonella typhimurium, while the malFmalG alleles on pTZ18R are from E. coli. The mal genes from both organisms are functionally fully exchangeable (19) .
Plasmid constructions -Plasmid pMM37 was constructed by replacing an EcoRV fragment encompassing codons 25 to 292 of malK from pJS08 (24) by the corresponding fragment from plasmid pSH25 (26) harboring the malK796 (C40S) allele (Table 1) . Cysteine residues were introduced by Stratagene's Quikchange kit using plasmid pTAZFGQ* (malF(Cys-)malG(Cys-)) (19) and pMM37 (malK796 (C40S)) as templates. Plasmid pMM20 was constructed by introducing the mutations G338R and N505I, conferring the binding protein independent phenotype (27) into the malF allele on plasmid pTAZFGQ* (19) using Stratagene's Quikchange kit.
Purification of MalFGK 2 complexesPolyhistidine-tagged complex variants were overproduced in strain JM109 harboring the plasmids described in Table 2 . Purification was essentially carried out as described in Ref. 28 .
Purification of MalE -Maltose binding protein (tag-less) was purified as described in (28) .
MIANS modification of transport complexes -2-(4'-Maleimidylanilino)naphthalene-6-sulfonic acid (MIANS) was purchased from Molecular Probes (via Invitrogen, Germany). For MIANS modification studies, transport complexes were labeled in buffer 1 (50 mM Tris-HCl, pH 8, 20% glycerol, 0.01% ß-Ddodecylmaltoside) by incubation at 4 °C with a fourfold molar excess of MIANS for 15 min. The reaction was terminated by adding 1 mM dithiothreitol (DTT) and excess MIANS was removed from the protein sample by a PD10 desalting column (Amersham/Pharmacia) or by Ni-NTA affinity chromatography.
Preparation of vanadate-trapped complexes -Wild type and mutant transport complexes were treated with vanadate as described in (25) . Briefly, vanadate was added to a final concentration of 0,5 mM to a mixture containing 2,5 µM MalFGK 2 complex, 5 µM MalE, 4 mM ATP, 10 mM MgCl 2 and 0.01 mM maltose in buffer 1, and the reaction was incubated for 20 min at 37 °C. For MIANS labeling the samples were desalted by passage through a PD10 column. Stable association of MalE with the trapped complexes was confirmed using Ni-NTA affinity chromatography.
Preparation of proteoliposomes -MalE/maltose loaded proteoliposomes were prepared as in (28) . When crosslinked complexes were incorporated into liposomes, DTT was omitted from all buffers.
Crosslinking with Cu(1,10-phenanthroline) 2 
Å (PBS).
Reactions were started by adding the respective crosslinker (final concentration 1 mM) from freshly prepared stock solutions (100 mM in dimethylsulfoxide) to the indicated protein samples (2.5 µM) in buffer 1. After 20 min at room temperature reactions were terminated by adding 5 mM Nethylmaleimide.
ATPase assay -Hydrolysis of ATP was assayed in microtiter plates essentially as described in (28) .
Protein determination -Protein concentrations were determined by the method of Dulley and Grieve (30) .
Electrophoresis -SDS-polyacrylamide gel electrophoresis was performed with 10% polyacrylamide gels as described in (28) . Fluorescent bands on gels were visualized in distilled water over an ultraviolet light source and recorded using a Bio-Rad Gel Doc EQ image system (Munich, Germany). Quantification of protein bands by densitometric scanning was carried using the software of GelScan Pro 5.0 (BioSciTec GmbH, Germany).
RESULTS

The MalK(C40S)/F*G* complex variant -
In the initial state of this work we set out to perform the intended crosslinking experiments and functional analyses with the purified MalK(A85C) variant of an otherwise cysless transport complex. However, purification by an established protocol (28) turned out to be highly insufficient due to unforeseen poor overproduction. Then, during the course of labeling complex variants with the fluorophore MIANS we observed that in wild type MalK only Cys-40 reacted with the fluorophore while the remaining cysteine residues (Cys350, Cys360) were virtually inaccessible to the label (see Fig. 4 in Ref. 24 ). The complex variant MalK(C40S)F*G* (asterisks denote cysless variants) could be overproduced and purified in amounts comparable to wild type and exhibited similar MalE/maltose-stimulated ATPase activity both in proteoliposomes and in detergent solution (see Table 3 ). Moreover, ATP hydrolysis was markedly inhibited (> 80%) by vanadate (not shown). Vanadate as a phosphate analogue can lock the complex in a so called "transition state" by trapping ADP in one binding site and thereby preventing a new cycle of hydrolysis (25, 31) . It is well established that these properties can be taken as evidence for tight coupling of ATP hydrolysis to maltose transport (23) (24) (25) 28, 32) . Together, we reasoned that it would be promising to construct the MalK variants studied in this work on the MalK(C40S) background.
ATP binding reduces the distance between the Q-loops in the MalK dimer-
The purified complex variant MalK(C40S, A85C)F*G* was crosslinked in detergent solution in the absence of ATP, in an ATP-bound state and after vanadate-trapping. We used homobifunctional sulfonate crosslinkers, covering distances of approximately 5.2 Å (EBS), 10.4 Å (HBS) and 24.7 Å (PBS). As shown in Fig. 2A in the absence of ligand, a MalK dimer was formed only with PBS. In the presence of ATP, a crosslink product was observed with all three linkers suggesting that the Ala-85 residues of both monomers have approached to a distance of apparently 5.2 Å. No cross-link products were found in the absence of chemical linkers (not shown). The observation that the crosslink reactions were significant but not complete might be due to limited temporal reactivity of the water-insoluble homobifunctional chemical linkers. Nonetheless, these data confirm our initial observation using membrane vesicles that formation of a MalK-MalK product via A85C by homobifunctional cross-linkers is ATPdependent (19) . Thus, we conclude that crosslinking is a suitable approach to study distance changes of the complex at different stages of the transport cycle in detergent solution. Furthermore, the data suggest that ATPinduced closure of the MalK dimer as observed in the crystal structures also occurs in the assembled complex.
Preliminary site-directed spin labeling electron paramagnetic resonance spectroscopy data obtained with the MalK(C40S, A85C)F*G* complex in the absence and presence of ATP were not inconsistent with this notion (not shown).
When the complex was trapped with vanadate prior to the addition of linkers, formation of a crosslinked product was most efficiently with HBS (10.4 Å) ( Fig. 2A) . This finding might suggest that both monomers have already moved apart after one step of ATP hydrolysis. Similar results were obtained with the complex incorporated into proteoliposomes (Fig. 2B) . While only PBS formed a MalK-MalK product in the absence of ATP, crosslink products with HBS and EBS, albeit to a lower extent, were observed in the presence of ATP. It is likely that the lipid environment generally restricts the flexibility of peptide regions. The observed lower yield in crosslinked product as compared to the experiments performed in detergent solution ( Fig. 2A shows a stained SDS gel while Fig. 2B shows an immunoblot) is accounted for by previous findings that only half of the incorporated complex molecules are exposed to the medium (28) and thus fully accessible to the linker. Therefore, and by taking into account the similar enzymatic properties as mentioned above, the crosslinking experiments described from hereafter were exclusively performed in detergent solution.
Together, we conclude that ATP-dependent MalK dimer closure and re-opening is an intrinsic feature of the intact maltose transport complex.
Crosslinking of MalK(C40S, A85C)F*G* inhibits ATPase activity -Next, we wanted to explore whether crosslinking and thus immobilization of the MalK monomers within the transport complex would affect ATPase activity. To this end, the yield in crosslinked product was increased by using Cu(1,10-phenanthroline) 2 SO 4 (CuPhe) that forms disulfide bonds. Under the experimental conditions applied treatment with CuPhe resulted in the formation of MalK dimers already in the absence of ATP (Fig. 3, left  panel) . As discussed for other membrane proteins, this might be due to a longer lifetime of intermediates produced by CuPhe when compared to homobifunctional cross-linkers which would allow disulfide bond formation between residues that are farther apart in structure (33, 34) . Quantitation by densitometric scanning revealed that the amount of MalK dimer present in the sample treated with CuPhe in the absence of DTT corresponds to about 63% of MalK present in the control.
As listed in Table 3 , the MalK(C40S, A85C)F*G* complex exhibited about 67 % and 55 % of the ATPase activity in proteoliposomes and detergent solution, respectively, relative to the C40S parent. ATP hydrolysis was severely inhibited but could be restored by adding DTT (Tab. 3), thereby bringing the cysteines back to the reduced state (Fig. 3, left panel) . These findings demonstrate that conformational changes of the Q-loops are indispensable for transporter function.
Distance changes between the Q-loops as means to probe the conformational states of functionally defective complex variants -The observed ATP-dependent change in distance between the Q-loop residues A85C prompted us to determine the conformational states of transport mutants by crosslinking. The mutant transport complexes considered are thought to be locked in the closed and open form of the MalK dimer, respectively. Mutation of the 'catalytic glutamate' residue of the Walker B site aspartate was demonstrated to stabilize the NBD dimer in solution (35) . Moreover, we showed recently that ATP-dependent conformational changes of MalFG as observed with wild type MalK occurred in the mutant transport complex in the absence of ATP (26) . Thus, we reasoned that the mutations might cause the Q-loops to reside in permanently close proximity to each other. Crosslinking experiments with the respective complex variant MalK(C40S, A85C, E159Q)F*G* clearly confirmed this assumption (Fig. 4A) . In the absence of ATP and unlike the wild type (see Fig. 2 ), MalK-MalK products are formed with all three sulfonate linkers. However, other than wild type in the presence of ATP, HBS was constantly observed to be more efficient in crosslinking than EBS, suggesting on average a distance between both A85C residues of > 5 to < 10 Å. Neither ATP nor the presence of ATP/vanadate changed this pattern substantially. However, as judged from the intensity of the crosslink product obtained with EBS, the vanadate-trapped complex appears to bring both residues even closer together. These results demonstrate that in the E159Q variant the MalK dimer is locked in the closed conformation. Once again, by confirming the conclusions on the conformational status of this mutant drawn from crystal structures and independent biochemical data, we demonstrate that cross-linking in detergent solution is a meaningful approach to elucidate conformational changes within the transport complex.
In contrast to the E159Q mutation, substituting lysine for the ABC signature motif residue Gln-140 was recently suspected to prevent transition of the MalK dimer from the open to the closed state (24, 36) . In full agreement with this hypothesis, sulfonate crosslinking with MalK(C40S, A85C, Q140K)F*G* revealed formation of a MalK dimer only with PBS regardless of the absence or presence of ATP (Fig. 4B) .
Using accessibility of A85C to MIANS as alternative means to determine the conformational state of the MalK dimer in both mutant complexes strengthened these results. Whereas the variant MalK(C40S, A85C, E159Q)F*G* neither reacted with the fluorophore in the absence of ATP nor under vanadate-trapped conditions, the MalK(C40S, A85C, Q140K)F*G* complex on the other hand could be labeled under any condition (Fig. 5) .
Conformational state of the binding-protein independent complex
MalKF500G -A combination of mutations G338(→R) and N505(→I) in MalF (MalF500) causes a binding protein-independent phenotype (27) . The complex variant exhibits a spontaneous ATPase activity (23) (see also Table 3 ) and transports maltose albeit with a K m 2000-fold higher than wild type (37) . Independent experimental evidence has suggested that the variant might reside in a transition state-like conformation (32, 24) . To further test this hypothesis with respect to MalK dimer formation, we introduced both mutations into the MalK(C40S, A85C)/F*G* background. When crosslinking the resulting complex with sulfonate linkers, only PBS formed a MalKMalK product in the absence of ATP like with wild type (Fig. 4C) . However, ATP-binding did not bring the A85C residues closer together. Only after vanadate trapping, both cysteines came within the range of HBS activity. Thus, it appears that for the MalF500 complex distance changes between the Q-loops upon ATP binding/hydrolysis are less than for the wild type. Consistent with this notion is the finding that, in contrast to wild type, labeling with MIANS was still observed after vanadate trapping, albeit somewhat reduced (Fig. 5) .
Interaction of the Q-loops with EAA-loop regions of MalF and MalG -Previous
crosslinking experiments with membrane vesicles demonstrated that MalK(A85C) also pairs with cysteines introduced in the conserved EAA motifs of MalF(S403C) and MalG(A192C), respectively (19) . (see Fig.  1B ). These and other data further suggested that these interactions are asymmetric, since MalK-MalF crosslinks were affected by ATP but MalK-MalG crosslinks were not. In order to explore this further we constructed and purified the variants MalK(C40S, A85C)F*(S403C)G* and MalK(C40S, A85C)F*G*(A192C).
As shown in Fig. 7 , crosslinking these complexes with sulfonate linkers in three different conformational states resulted in the efficient formation of MalK-MalG and MalKMalF products in the absence of ATP. Thus, the Q-and EAA-loops are positioned within a distance of about 5 Å. Adding ATP or trapping the complex with vanadate did not affect K-G pairing although MalK dimers were also formed under these conditions. In contrast, MalKA85C forms a strong crosslink with MalFS403C in the absence of ATP but a significantly weaker was observed with all three linkers in the presence of ATP or after vanadate-trapping. MalK dimer formation was similar to that observed in Fig. 6A . Quantitation by densitometric scanning revealed that the amount of G-K formed by PBS in the presence of ATP (Fig. 6A, lane 6 ) corresponds to 93 % of the G-K heterodimer in the absence of ATP (Fig. 6A, lane 3) . In contrast, the amount of F-K present in lane 6 of Fig. 6B (+ ATP) corresponds only to < 10 % of that in lane 3 (-ATP). Together, these findings strengthen the notion that the Q-loop might interact differently with the EAA motifs of MalF and MalG.
Crosslinking the ABC domains with
MalF/MalG reduces ATPase activity -Next, we wanted to explore whether the observed linking of MalFG to MalK via the EAA motifs would impair transporter function. For this purpose the above used combination with MalKA85C was not suited due to MalK dimer formation which by itself inhibited MalE/maltose-stimulated ATPase activity (Table 3) . Therefore, we constructed the variants MalK(C40S, V117C)F*(S403C)G* and MalK(C40S, V117C)F*G*(A192C), thereby taking advantage of the previous finding that thiol cross-linking was not observed with MalK(V117C) in membrane vesicles (19) . The localization of Val-117 at the outer surface of each MalK monomer facing the medium is consistent with this observation (see Fig. 1A ).
As shown in Fig. 3 (center and right panel) , treatment of the purified complexes with CuPhe resulted in the formation of strong K-G and K-F crosslinks, respectively. In case of K-G, the efficacy of the reaction appeared to be close to 100% since a band migrating in the SDS gel at the position of monomeric MalG was no longer visible. For K-F pairing quantitation by densitometric scanning of the SDS gel revealed that about 80% of MalF was present in the crosslink product. Some MalK dimer formation, likely to result from intermolecular crosslinking between complexes was observed but did not exceed 5 % of the K-G and K-F products, respectively. When we measured ATPase activities after crosslinking, the activities were substantially reduced compared to control samples (Table  3) . For the complex variant MalK(C40S, V117C)F*(S403C)G* the rate of ATP hydrolysis changed in proteoliposomes from 0.98 µmol P i /min/mg to 0.43 µmol P i /min/mg after crosslinking but could almost be fully restored by adding DTT (0.9 µmol P i /min/mg). MalK(C40S, V117C)F*G*(A192C) displayed a control activity of 1.1 µmol P i /min/mg that was reduced to 0.21 µmol P i /min/mg after crosslinking which was recovered after reducing the disulfide bonds by DTT (0.92 µmol P i /min/mg). Similar results were obtained when the crosslinked complexes were assayed in detergent solution. Thus, the capability of both EAA motifs to undergo conformational changes is crucial for transporter function. At first glance, this conclusion might be challenged by arguing that the observed inhibition of ATPase activity could as well be due to immobilization of MalK, thereby preventing the dimer to close. However, as shown in Fig. 6 , the presence of cysteine residues in the EAA motifs of either MalG or MalF did not affect MalK dimer formation via A85C, making the above assumption unlikely.
DISCUSSION
In this communication, we report on the detailed characterization of ATP-induced conformational changes of the Q-loops in MalK 2 with respect to dimer closure and interaction with the conserved EAA motifs of MalF and MalG by site-directed crosslinking and by monitoring transporter activity. The experiments presented were performed with purified transport complexes that allowed us to evaluate structural data obtained with the soluble MalK dimer.
By using the A85C mutation from the Qloop as probe, our crosslinking data clearly demonstrated that ATP binding to the intact transporter causes the MalK monomers to approach each other. While in the nucleotidefree state the distance between both A85C residues was approximately 25 Å, the presence of ATP allowed crosslinking within the range of 5-10 Å (Fig. 2A) . This finding holds basically true for the complex incorporated in liposomes (Fig. 2B ) and is consistent with previous results using crude membrane vesicles (19) .
Disulfide bond formation which keeps the dimer in the closed conformation caused inhibition of ATPase activity which could be restored when reducing conditions were applied (Table 3) . Thus, these results suggest that the closed state has likely to re-open again to complete a catalytic cycle.
Together, we conclude that ATP-induced MalK dimer closure and re-opening upon ATP hydrolysis, as proposed from crystal structures of soluble MalK (9, 22) are also intrinsic steps of the catalytic cycle of the intact transporter.
Monitoring the open-to-close transition of the MalK dimer within the assembled complex by chemical crosslinking proved to be a valuable tool to further define the defects of mutants. Crystal structures of soluble ABC domains as well as biochemical evidence have suggested that the glutamate immediately following the Walker B aspartate residue might act as 'catalytic carboxylate' by polarizing the water molecule that attacks the γ-phosphate of ATP. A mutation to glutamine was found to abolish or drastically reduce ATPase activity and to stabilize the dimeric form of soluble ABC domains (35, (38) (39) (40) (41) thereby preventing the catalysis to proceed to the 'transition state' and eventually to re-open the dimer upon ATP hydrolysis. Zaitseva et al. (10) recently challenged the concept of 'catalytic base' and suggested substrate-assisted catalysis to operate in ABC transporters. Based on the crystal structure of the HlyB dimer and on biochemical evidence, the authors propose an interaction of the glutamate with the highly conserved H-loop, thereby forming a 'catalytic dyad', rather than being directly involved in catalysis.
Senior and colleagues recently found that P-glycoprotein containing glutamate to alanine mutations in both NBDs (E552A/E1197A) occludes ATP in one NBD (41, 42) . Consequently, communication between NBDs and TMDs should also be arrested at the stage of the closed dimer. Our recent observation that in a maltose transport variant carrying the corresponding MalKE159Q mutation, unlike in wild type, periplasmic regions of MalFG were permanently exposed to trypsin is in line with this notion (24) . The data presented in Fig. 4A now unequivocally demonstrate for the assembled mutant complex that the MalK dimer is permanently locked in its closed conformation.
Another mutation that aids in understanding the role of the ABC signature motif (MalK E.coli :
134 LSGGQRQ 140 ) in subunit-subunit communication affects Gln-140. When exchanged to lysine, the isolated MalK variant displayed normal ATPase activity but the assembled mutant complex was transportdeficient (44) . Gln-140, in contrast to residues Ser-135 to Gln-138 of the signature motif, does not participate in binding the ATP molecule in the MalK dimer (8) . Consistently, photolabeling of MalKQ140K with 8-azido-ATP was comparable to wild type while labeling of MalKG137A was substantially reduced (36) . Thus, incorrect interaction with ATP due to the mutation is unlikely and the observed catalytic activity of the soluble variant also argues against such a view. Limited proteolysis of the complex variant with trypsin further suggested that the mutation renders the transporter incapable of transmitting ATP binding to MalFG (24) . The reason for this finding however remained unclear. Again, by taking the change in distance between the Q-loop residues Ala-85 as a measure, we could now directly demonstrate that the transport defect is caused by a failure of the MalK variant to undergo dimer closure upon ATP binding (Fig. 4B) . This result provides further evidence for the ABC signature being involved in communication between NBDs and TMDs (24, (43) (44) (45) (46) .
Several lines of experimental evidence suggested that mutants of the maltose transporter with an activity independent of the binding protein may reside in a transition statelike conformation: (i) fluorescence spectroscopy revealed that the Walker A residue Cys-40 is in a more buried location than in wild type (32); (ii) unlike with the wild type complex, maltose-binding protein tightly interacts with the BPI transporter in the absence of vanadate (32); and (iii) periplasmic loop regions of MalFG that in wild type become susceptible to trypsin upon ATP binding only, are permanently exposed to the protease (24) . Our crosslinking data provide additional evidence for this view by demonstrating that closing of the MalK dimer in binding protein-independent mutants is less pronounced than in wild type.
As hypothesized from the crystal structures of MalK 2 , ATP binding and subsequent closing of the dimer might cause opening of the MalFG pore to the periplasmic side of the membrane (6) . Exposure of periplasmic loop regions of MalFG upon ATP binding is consistent with this view (24) as well as reports from other ABC transporters. For CFTR, a channel protein associated with an ABC domain, it was shown that ATP-dependent dimerization of the NBDs caused opening of the channel (47) . A recent molecular dynamics simulation based on the structural informations available for the BtuCD transporter and the MalK dimer arrived at the same conclusion (48) . According to the data presented here, in the BPI mutant the pore is at least partially open already in the resting state and thus, might not require (or allow) the MalK monomers to close in on each other like in wild type.
Communication of the ATP-induced conformational changes that cause MalK dimer closure to MalFG is thought to involve interaction of the Q-loops with the EAA motifs (19) . A crucial role of the Q-loop in interdomain signaling is supported by biochemical and structural evidence from other ABC transporters (12, 49, 50) . Previous studies revealed that in case of the maltose transporter these interactions might be asymmetrical. Mourez et al. (18) (19) . Our results from cross-linking studies using purified complexes that carried the same cysteine substitutions, are at least not in contradiction to an asymmetric function of both EAA motifs. While the yield of MalGMalK heterodimer was only slightly reduced upon ATP induced crosslinking between the MalKA85C residues, linking MalF to MalK was substantially affected under these conditions (Fig. 6) . MalF-MalK pairs were still observed with all three linkers, albeit with low yield, suggesting that MalK dimer formation was favored. These data indicate that the EAA motif of MalG more or less moves along with the Q-loop of one MalK monomer during transition from the open to the closed state. In contrast, the distance between A85 and the EAA motif of MalF apparently increased. The crystal structures of Btu(CD) 2 and Mod(BC) 2 both obtained in the absence of nucleotides do not provide a clue in favor of an asymmetric interaction of the subunits (13, 16) . Clearly, we have to await structural informations on the complete maltose transporter to clarify this matter.
Our data also imply that the EAA motifs undergo conformational changes in order to communicate structural changes of the MalK dimer upon ATP binding to the MalFG subunits. Crosslinking the EAA motifs with the helical subdomain of MalK substantially affected transporter function. Inhibition of ATPase activity by crosslinking the EAA motifs to Val-117 of MalK might be due to the inability of the motifs and/or the helical subdomain to execute conformational changes associated with the transport cycle. The distance between Val-117 of both monomers is reduced upon ATP binding from 61 to 42 Å as calculated from the crystal structures (8) . Nonetheless, the data support a dynamic role of the motifs and of the N-terminal domain of MalK.
Together with other findings and supported by a recent molecular dynamics simulation study (48) , the data presented here are in favor of a transport model put forward by Davidson and colleagues (5, 8) : in the resting state (see Fig. 7 , state I) the Q-loops of the MalK monomers are approximately 25 Å apart but in close contact (~ 5 Å) to the EAA motifs of MalFG. ATP binding causes closing of the dimer thereby bringing the Q-loops closer together. In vivo, maltose-loaded binding protein is proposed to trigger this step (23) (state II). Transition of the MalK dimer into the closed form is accompanied by movement of the EAA motifs of MalFG which might reflect conformational changes causing the pore to close at the cytoplasmic side. Concomitantly, the pore opens at the periplasmic side of the membrane as indicated by an increased susceptibility of periplasmic loops of MalFG to trypsin (24) . The BPI mutations appear to stabilize this conformational state of the transporter (24, 32) . Thus, release of substrate from the binding protein might occur at this stage (51) . Mutations of the conserved glutamate ('catalytic carboxylate') are likely to arrest the transporter in this conformation (24, 41, 52) . Blocking the transporter in the transition state by vanadate following hydrolysis of one ATP (25) moves the Q-loops somewhat apart while distances to the EAA motifs remained unchanged. Whether this step is associated with release of the substrate to the cytoplasmic side remains to be elucidated (25) . If so, reorientation of the transmembrane helices resulting in opening of the pore to the cytoplasmic side would have to go along. Hydrolysis of the second ATP molecule then triggers re-opening of the MalK dimer and dissociation of ADP and P i , thereby resetting the transporter to the resting state (state III).
The recently solved first structure of an ABC importer in complex with its cognate binding protein is consistent with this model (16 
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